were positively correlated with grain yield in bread wheat (Monpara, 2011 ). An association between grain weight and duration of grain filling suggested that final grain weight is dependent on the period of grain filling, which is affected by environmental factors, especially temperature (Evans et al., 1975; Stone and Nicolas, 1994) . However, a significant positive correlation was observed between grain filling parameters (duration and rate) and yield (Gebeyehou et al., 1982) . Thus, a better understanding of the grain filling process may be helpful in breeding efforts to increase wheat grain yield. Various statistical methods have been used to describe the period of grain filling in wheat, including linear regression (Van Sanford, 1985) , quadratic equations (Nass and Reiser, 1975; Bruckner and Frohberg, 1987) , and a cubic equation (Gebeyehou et al., 1982) . Multivariate analysis of variance has been recommended for analyzing model-derived variables when significant correlations exist among them (Keuls and Garretsen, 1982; Darroch and Baker, 1990) .
Insufficient information is available about the inheritance of duration of grain filling and the rate of wheat grain filling. Better information on the factors involved in the duration of grain filling, including the gene effects controlling this trait, could result in the development of heat-tolerant or rapid grain filling wheat lines. Duration of grain filling is thought to be polygenically controlled because of the continuous variability for this trait in wheat (Xie and Zhang, 1981) . Similarly, additive and dominant gene action associated with period of grain filling has been reported (Saadallah and Ghandorah, 2000; Yang et al., 2002) . Mou and Kronstad (1994) observed additive gene action for duration of grain filling, even though nonadditive gene action also plays a vital role in certain crosses of wheat. Wong and Baker (1986) recorded low to intermediate heritability for period of grain filling and other developmental traits in spring wheat. Przulj and Mladenov (1999) reported additive and dominance effects, as well as epistatic interactions, that control the duration of grain filling, while both additive and dominant gene actions have been associated with period of grain filling under heat stress (Yang et al., 2002) .
The present investigations were based on joint segregation analysis (JSA) to identify the mixed inheritance model and related genetic parameters. In light of the superiority of the JSA over other approaches (Gai and Wang, 1998; Gai et al., 2003 Gai et al., , 2007 , the present study was undertaken to determine: 1) the genetic diversity for duration of grain filling among the genotypes to be used in cross combinations, 2) the genetic mechanism of duration of grain filling through hybridization between diverse parental lines, and 3) the number and individual effects of major genes, and the cumulative effect of the major genes as well as polygenes controlling period of grain filling.
Materials and methods

Breeding material and procedure
Eight genetically diverse wheat parents Shafaq, Parula, Blue Silver, were selected from wheat germplasm and crossed in the combinations of Hashim-08 × LU-26, Farid-06 × Shafaq, Parula × Blue Silver, and TD-1 × D-97603. Six basic populations (P 1 , F 1 , P 2 , BC 1 , BC 2 , and F 2 ) of each cross were developed during the 2 crop seasons of 2009/2010 and 2010/2011 . All the basic populations of each cross were planted in a randomized complete block design with 2 replications. The P 1 , P 2 , and F 1 populations and the back cross populations BC 1 and BC 2 were grown in 2 rows 4 m in length while 4 rows were used for the F 2 populations. The spaces within rows and between rows were 10 and 30 cm, respectively.
Trait measurement and statistical analysis
Data on duration of grain filling were recorded for each basic population and were calculated as the time between heading and physiological maturity. The data regarding period of grain filling were subjected to JSA designed for 6 basic populations as suggested by Gai and Wang (1998) and Gai et al. (2003 Gai et al. ( , 2007 with 5 groups consisting of 24 different genetic models (Tables 1 and 2) . Suitable genetic models for each cross combination were determined by maximum log of likelihood estimated through iterated expectation and conditional maximization (IECM) (Wang and Gai, 1997; McLachlan, 1988 ) and Akaike's information criterion (AIC) (Akaike, 1977) (Table 3) . Further selection of a best-fit model was made on the basis of all nonsignificant or the least significant values of the 3 chi-square statistics U 1 2 , U 2 2 , and U 3 2 . Two other important completely distribution-free tests, Smirnov's statistics (nW 2 ) and Kolmogorov's statistics (Dn), were used as goodness-of-fit tests to determine whether the selected model could sufficiently explain the data (Tables 4 and 5) . If none of these 5 statistics were significant for a particular genetic model, then the data adequately fit the model (Gai and Wang, 1998) . The data were analyzed using sin.exe software and the major gene-polygene mixed inheritance model to generate a joint analysis of multiple generations . In the case of the best-fit model, the values of the second-order genetic parameters as well as σ mg 2 and σ pg 2 for BC 1 , BC 2 , and F 2 were determined with the help of proposed formulae . Under the second-order genetic parameters, the phenotypic variation (σ p 2 ) was partitioned into genetic and environmental variation (σ e 2 ) for each cross. The genetic component of variation in turn was subdivided into variation due to major genes (σ mg 2 ) and variation due to polygenes (σ pg 2 ). Based on Mather and Jinks (1982) , the values from μ1 to μ69 exhibited different means of component distributions (Wang et al., 2001; (Gai and Wang, 1998; Gai et al., 2003; Zhang et al., 2003) .
al., 2003) regarding 6 generations, which were put in the formulae as suggested by Gai et al. (2003) for calculating first-and second-order genetic parameters (Tables 6 and 7) .
Results
Duration of grain filling in wheat crosses
The frequency distribution of the plant population regarding duration of grain filling in 6 basic populations is presented in Table 2 . For duration of grain filling, most of the populations derived from 4 crosses (Hashim-08 × LU-26, Farid-06 × Shafaq, Parula × Blue Silver, and TD-1 × D-97603) were in the ranges of 41-50, 51-60, and 61-70 days. However, these populations were followed by ones in the ranges of 31-40 days (Hashim-08 × LU-26 and Farid-06 × Shafaq) and 71-80 days (Parula × Blue Silver and TD-1 × D-97603). Few plants of all 6 populations were observed in the ranges of 11-20, 21-30, and 81-90 days for duration of grain filling. On average, in the cross Hashim-08 × LU-26, F 1 took fewer days than P 1 and BC 1 for grain filling, and more days than the other populations (P 1 , BC 2 , and F 2 ). In Farid-06 × Shafaq, the F 1 hybrid completed grain filling in fewer days than P 1 and P 2 ; however, it was the same as BC 1 , BC 2 , and F 2 . In Parula × Blue Silver, the F 1 hybrid took fewer days than all other populations for grain filling. In the fourth cross, TD-1 × D-97603, the period of grain filling was equivalent to P 2 , BC 2 , and F 2 ; however, it took more days than P 1 and BC 1 . In terms of the variance, the F 2 population in crosses Hashim-08 × LU-26, Farid-06 × Shafaq, and Parula × Blue Silver had the highest variance (81.95-260.41), which may have been due to segregation. However, in cross TD-1 × D-97603, F 1 (186.13) attained maximum variance above all other populations. In crosses Hashim-08 × LU-26, Farid-06 × Shafaq, and Parula × Blue Silver, the F 1 hybrids were equally owned by the parental lines. However, in the F 1 from cross TD-1 × D-97603, the duration slightly increased over the parents' duration, which revealed that some parental-line dominant genes were responsible for the longer duration of this cross. The BC 1 and BC 2 populations showed a slight tendency towards their respective parents in all the crosses, whereas F 2 was equally distributed between the parental genotypes in all the crosses in segregating generations, indicating a mixed type of gene action by major and minor genes.
Genetic analysis of duration for grain filling in wheat crosses
According to the maximum log of likelihood values (Table 3 ) and goodness-of-fit tests (Table 4) , model D was selected as the best-fit model for the cross Hashim-08 × LU-26. Model D showed a mix of 1 major gene and additive-dominance-epistasis of polygenes. As evident from the first-order genetic parameters (Tables 6 and 7) , the population mean was 55.22. Positive additive effects (1.11) and dominant effects (0.82) observed in the cross revealed that the duration of grain filling was controlled by additive gene action with partial dominance by the major genes; however, no epistasis was found in this cross. The second-order genetic parameters revealed the phenotypic variation for duration of grain filling in segregating populations, i.e. BC 1 , BC 2 , and F 2 (Tables 6  and 7 ). The phenotypic variance was divided into genetic and environmental variances, while genetic variation was further subdivided into variation due to major genes and polygenes. In cross Hashim-08 × LU-26, the variation values due to polygenes for BC 1 , BC 2 , and F 2 were 0.00, 13.18, and 174.53, respectively. However, the variation values due to major genes were 6.90, 1.61, and 1.09 for BC 1 , BC 2 , and F 2 , respectively. Similarly, for segregating generations including BC 1 , BC 2 , and F 2, the polygene heritabilities were 0.00%, 13.37%, and 67.02%, while the major gene heritabilities were 8.99%, 1.63%, and 0.80%, respectively (Table 7) . For the cross Farid-06 × Shafaq, the suitable model was B-1, which was selected on the basis of its maximum log of likelihood values, smallest values of AIC (Table 3) , and goodness-of-fit tests (Table 4 ). The B-1 model indicates that duration of grain filling is controlled by additivedominance-epistasis of 2 major genes. The mean value of the population was estimated as 53.48. The additive effect of the major genes was positive (10.46), whereas the additive effect due to a second major gene was negative (-6.89) . Negative dominant effects due to major genes A and B were estimated as -12.25 and -1.57, respectively. The first major gene ratio was dominant and negative, whereas a positive and dominant ratio was observed for the second major gene. The additive × additive and dominant × dominant nonallelic interaction values were positive, i.e. 1.12 and 9.42, respectively. As evident from the second-order parameters, both the polygene variation and polygene heritability were zero because no polygenes were involved in controlling the duration of grain filling. Maximum dominant × dominant nonallelic interaction (9.42) and positive additive effects were observed due to major gene A (10.46), revealing that gene A has the maximum contribution in the additive-type control of the duration of grain filling. Moderate major gene heritabilities of 31.87%, 17.88%, and 57.19% were observed for BC 1 , BC 2 , and F 2 , respectively, whereas the environmental variation was higher, indicating that the period of grain filling was under the influence of the environment and may vary in different environments (Tables 6 and 7) .
In cross Parula × Blue Silver, the best-fit model for duration of grain filling was E, which was preferred on the basis of its maximum log of likelihood values, smallest (Akaike, 1977) . IECM = Iterated expectation and conditional maximization. values of AIC (Table 3) , and goodness-of-fit tests (Table  5) . The model indicates a mix of 2 additive-dominantepistatic major genes plus the additive-dominant-epistasis of polygenes. In this cross, the additive effects of both genes had the same negative value (-1.99). The dominant effects contributed by major genes A and B were estimated to be -0.29 and -3.61, respectively. The dominance ratios of genes A and B in this cross were 0.14 and 1.81, respectively (partial dominance due to major gene A and overdominance due to major gene B). The additive × additive effects of the major genes plus polygenes were recorded with a value of -1.87. The additive × dominant effects of gene A over gene B and of B over A were -3.67 and -0.34, respectively. The dominant × dominant type of nonallelic interaction value was 3.94. The second-order genetic parameters indicated that for duration of grain filling, phenotypic variation was observed in the segregating generations, i.e. BC 1 , BC 2 , and F 2 . This phenotypic variance divided into genetic and environmental variance while genetic variation was further subdivided into variation due to major genes and polygenes. For BC 1 , BC 2 , and F 2 , the variation values due to major genes were 12.20, 0.77, and 14.59, respectively, while the values due to polygenes were 5.21, 0.15, and 8.00, respectively. Similarly, maximum major gene heritabilities of 18.38%, 1.29%, and 17.80% were observed for segregating populations BC 1 , BC 2 , and F 2 , respectively (Tables 6 and 7) . According to the maximum log of likelihood values (Table 3 ) and the goodness-of-fit tests (Table 5) , the selected best-fit model for the cross TD-1 × D-97603 was E-1. The model revealed a mix of 2 major additivedominance-epistatic genes plus additive-dominant polygenes. The population mean was recorded with the value of 62.69. The additive effects of the first and second major genes were positive (1.53) and negative (-2.96), respectively. The dominant effects contributed by major genes A and B were estimated to be -6.09 and -6.14, respectively, indicating that no dominance was involved in controlling the duration of grain filling in this cross. The additive × additive epistatic and dominant × dominant components were -5.30 and 9.36, respectively. Under the mixed epistatic effect, and due to the major genes as well as the polygenes, the additive × dominant effects of the first and second major genes were -4.95 and -5.13, respectively. The additive and dominant effects of the polygenes were 17.51 and 2.36, respectively. In the second-order genetic parameters, for segregating populations BC 1 , BC 2 , and F 2 , the major gene variation values were 3.70, 4.04, and 0.38, respectively. The major gene heritabilities (4.35%, 5.25%, and 0.47%, respectively) were higher than those of the polygenes, which were zero or close to zero (Tables 6 and 7) .
Discussion
The frequency distribution of the plant population of the different populations of all the crosses shows that F 1 , F 2 , BC 1 , and BC 2 were equally distributed in the parental lines.
In cross Hashim-08 × LU-26, the duration of grain filling was under the genetic control of a mix of 1 major gene and the additive-dominance-epistasis of polygenes, indicating that period of grain filling was controlled by additive gene action with partial dominance of the single major gene. Additive gene action with partial dominance gene action has been reported for duration of grain filling in wheat (Sharma and Pawar, 2000; Kamaluddin et al., 2007b; ZareKohan and Heidari, 2012) . Results suggested that yield improvement based on duration of grain filling can be improved using the existing genetic variability present in the germplasm and selection for period of grain filling could be done in later generations until the accumulation of the maximum favorable additive genes is achieved. Work by Kamaluddin et al. (2007a) showed that progress could be achieved through selection in the wheat crosses for either long or short periods of grain filling. In cross Farid-06 × Shafaq, the duration of grain filling was under the control of additive-dominance-epistasis of 2 major genes. Maximum dominant × dominant nonallelic interaction and positive additive effects were observed due to major gene A, revealing its maximum additive contribution in controlling duration of grain filling. Duration of grain filling is polygenically controlled because of the continuous variability in genotypes for period of grain filling in wheat (Xie and Zhang, 1981) ; however, additive and dominant gene action associated with duration of grain filling has been reported (Saadallah and Ghandorah, 2000; Yang et al., 2002) . In previous studies, findings suggested a prominent role of additive genetic effects, although the dominance and epistasis effects were also involved in the expression of the duration of grain filling and other yield traits in wheat (Kamaluddin et al., 2007a) . A mix of 2 additive-dominant-epistatic major genes plus additive-dominant-epistasis of polygenes controlled the duration of grain filling in cross Parula × Blue Silver. Partial dominance due to major gene A and overdominance due to major gene B was recorded for the duration of grain filling in this cross. These observations are in complete accordance with the previous findings of Zare-Kohan and Heidari (2012) and Akram et al. (2008) , as they also reported partial dominance and overdominance. Though the period of grain filling was controlled dominantly, selection in early generations may be useful for improvement of grain weight by effective grain filling. However, Kamaluddin et al. (2007b) mentioned that the magnitude of additive effects was lower than for dominance × dominance epistasis, which suggests that selection for a shorter duration of grain filling might be difficult. In contrast, the positive dominance effects might mean that such selections could be effective, and when the dominance and dominance × dominance estimates have a similar sign or different sign, the interaction is considered complementary or duplicate, respectively (Mather and Jinks, 1982) . Przulj and Mladenov (1999) observed the presence of additive and dominance as well as epistatic interactions in the expression of duration of grain filling in wheat. Yang et al. (2002) reported that both additive and dominance gene effects were associated with duration of grain filling in wheat plants subjected to heat stress. In cross TD-1 × D-97603, the duration of grain filling was controlled by a mix of 2 major additive-dominanceepistatic genes plus additive dominant polygenes. The additive and dominant effects of the polygenes revealed that period of grain filling was mainly controlled by the epistatic behavior of major and minor genes. The polygene variation and heritability was negligible, almost zero. The environmental variation was high, indicating that period of grain filling was under the influence of the environment and may vary in different environments. However, in previous studies, minor environmental effects were reported for the expression of duration of grain filling in wheat (Mou and Kronstad, 1994; Kamaluddin et al., 2007b) . The period of grain filling indicated the presence of an overdominance gene action that controlled this trait and other yield attributes (Akram et al., 2008) . Stone and Nicolas (1994) also concluded that the period of grain filling was affected by environmental factors, especially temperature.
In this study, considerable variations were observed among the parental genotypes for duration of grain filling. The genotypes with the same physiological maturity differed in their grain filling duration because of differences in time to anthesis. All the crosses demonstrated the importance of both additive and dominance gene effects, as well as epistasis. Due to segregation, the F 2 populations of all the crosses were leading in terms of maximum variance over the other populations, and the selection for duration of grain filling could be done in later generations until the accumulation of the maximum favorable additive genes is reached. The existing variation in wheat populations regarding period of grain filling indicates the possibility for breeding exploitation for the purpose of increasing yield; however, other factors such as leaf area, anthesis, spike density, and grains per spike should also be kept under consideration. Yield improvement based on duration of grain filling could be done by using the existing genetic variability found in the present populations and selection in later generations until the accumulation of the maximum favorable additive genes is achieved. However, the influence of the environment may vary and cannot be avoided.
